ABSTRACT: Hydrothermal vents are well-known for their exotic faunas, but common ecological descriptors of communities, apart from species lists, have eluded vent ecologists for decades. Using replicate sampling, we examine species richness, diversity, evenness, and composition within mussel beds at the Lucky Strike hydrothermal vent field on the Mid-Atlantic Ridge, and we compare these measures to those found at intertidal mussel beds along the south-central Alaskan coast using similar sampling efforts. The number of species found at the vent mussel beds is less than half that of the intertidal mussel beds. From calculations of diversity and evenness indices, we find that the lower diversity of the vent mussel beds is a reflection of a reduced number of rare species found there compared to intertidal mussel beds. In contrast to relatively even distributions of deep-sea soft-sediment (non-vent) communities, both vent and intertidal mussel beds share the attribute of very uneven distributions, with a large number of individuals found in a small number of species. Based on comparisons of the Shannon diversity index (H) within vent mussel beds and in a variety of other marine environments, we find that diversity at vent mussel beds is low, but no lower than the diversity measured in certain shallowwater environments. We hypothesize that diversity within the Lucky Strike mussel beds, located on a slow-spreading ridge where the spacing between vents is large, represents the low extreme of diversity at hydrothermal vents. We expect higher diversity at mussel beds on fast-spreading ridges (e.g., on the East Pacific Rise).
INTRODUCTION
Hydrothermal vents in the deep sea are often cited as examples of ecosystems with high productivity but low diversity (Wright et al. 1993 ), yet for more than a decade, quantitative measures of diversity at vents were limited to the work of Grassle and his colleagues, based on a small number of box core samples in soft sediments (Grassle et al. 1985 , Dinet et al. 1988 , Petrecca & Grassle 1990 , Grassle & Petrecca 1994 . Lower diversity at soft-sediment vent sites compared to the non-vent deep sea was also observed in an analysis of nematodes by Vanreusal et al. (1997) . But soft sediments are the exception rather than the rule for hydrothermal systems. They are found only along midocean ridge spreading centers where sedimentation rates are high, such as Guaymas Basin in the Gulf of California and Escanaba Trough on the Gorda Ridge (Van Dover 2000) . Measures of diversity or species richness from the much more typical, hard substratum (basalt or sulfide mineral) vent communities have usually been restricted to lists of species (e.g., Tunnicliffe 1988 , Tunnicliffe et al. 1998 ) and data sets that are difficult to compare from one vent field or geographic region to the next due to differences in sampling methods, effort, and presence or absence of specific microhabitats (Underwood & Petraitis 1993) .
We present here the first quantitative measure of species richness for a typical vent habitat and we provide a comparison to a shallow-water, intertidal analogue. We specifically examine diversity in mussel beds, which are widely distributed at deep-sea hydrothermal vents on the East Pacific Rise, Mid-Atlantic Mar Ecol Prog Ser Ridge, and western Pacific back-arc basins, as well as at a variety of deep-sea cold seeps and in the shallow intertidal environment. In intertidal regions, mussel beds have become a standard unit for assessment of regional and global diversity patterns because they are so widely distributed and because they offer complex secondary surfaces and interstitial habitats for a large number of associated species that can be sampled as discrete units (Lohse 1993 , Seed 1996 . Mussel beds at deep-sea vents also support a variety of invertebrates and are thus a suitable structural habitat for biodiversity comparisons at hydrothermal vents within and between ocean basins and between ecosystems driven by photosynthetic and chemosynthetic production. Restricted by the sampling opportunities available to us, we began our study of invertebrate diversity in vent mussel beds at the mussel-dominated Lucky Strike hydrothermal system on the Mid-Atlantic Ridge and we compare this system with an equal sampling effort at an intertidal mussel bed on the south-central coast of Alaska. This work is now part of a larger biodiversity program that will compare vent mussel bed diversity within and between ocean basins as well as at individual vent mussel beds over time.
METHODS
Vent mussel beds are located at the Lucky Strike hydrothermal field at 37" 17.5' N, 32' 16' W on the MidAtlantic Ridge (1600 m). Descriptions of the setting can be found in Van Dover et al. (1996) , Langmuir et al. (1997 ), Comtet & Desbruygres (1998 and Von Damm et al. (1998) . Biomass of the vent fauna at Lucky Strike is dominated exclusively by a n undescribed species of vent mussel in the genus Bathymodiolus. These mussels host chemoautotrophic and methanotrophic endosymbiotic bacteria (Trask & Van Dover 1999) and occupy low-temperature (5 to 10°C), diffuse flow zones on surfaces of large sulfide structures. Two sulfide structures, Eiffel Tower and Sintra (located approximately 400 m apart), were chosen as sampling sites. In July 1996, we collected 5 replicate, -2 1 volumes of mussels from each site using the unmanned, remotely operated vehicle (ROV) 'Jason'. Mussel clumps were harvested by Jason's manipulator and placed in individual sample boxes with lids to prevent washing during ascent. There was inevitably some loss of individuals during transfer from the mussel bed to the sample boxes, making our samples best described as 'semi-quantitative'.
Intertidal mussel Mytilus trossulus beds are located on the south-central coast of Alaska, near the University of Alaska's Kasitsna Bay Marine Laboratory in Seldovia (Kenai Peninsula). We selected 2 discontinuous mussel zones (Eagle Island and Jakolof Point) occurring at the same tidal height and separated by approximately 400 m. Five replicate, -2 1 volumes of mussels were collected from each site at low tide. Because we anticipated a seasonal effect on diversity at this intertidal site, this sampling program was repeated at 3 mo intervals throughout 1 yr (September 1996 to June 1997 .
Once collected, vent and intertidal samples were treated identically. Mussel clumps were wrapped in clear plastic and sample volume was measured by displacement. Mussels were then unwrapped and a new displacement volume was obtained. Interstitial volume of the clump was determined by difference between the 2 volumes. All samples were washed 3 times in filtered seawater and these washings were passed through a 63 pm sieve to retain the associated fauna. This associated fauna was fixed in buffered 10% seawater formalin and stored in 7 0 % EtOH. Mussel sizefrequency distributions were calculated using mussel lengths measured with digital calipers. Sieved samples were sorted twice under a dissecting microscope (the second time after staining with Rose Bengal) and individuals were identified to the lowest taxonomic category possible and enumerated.
Unidentifiable larval stages were included in the subsequent analyses only when they clearly belonged to taxa not already represented by adult stages. Species cornmensal in mussels were not included (i.e., the polynoid polychaete Branchlpolynoe cf. seepensis, which lives in the mantle cavity of the vent mussel). We also arbitrarily chose not to include mussels > 5 mm in our diversity analyses. Mussels < 5 mm represent individuals that are scaled to the same size as the rest of the mussel-associated fauna and were deemed to be interactive rather than structural at this stage of their life history.
Species identifications of the vent fauna were made with the assistance of specialists and are reliable to morphological species. Exceptions are the vent amphipod samples, which are overwhelmingly dominated by females of a single species (cf. Bouvienella curfirama Bellan-Santini & Thurston), but from which we may yet resolve an additional rare or singleton amphipod species. We estimate that the error in our measure of species richness introduced by the absence of complete knowledge of the amphipod taxa is <7% (i.e., maximum total number of species in the vent mussel bed might be 30 instead of 28). Taxonomy of some of the Alaskan fauna is less well-known than the vent fauna and was more problematic. We were assisted by local specialists at the Institute of Marine Science (University of Alaska Fairbanks), but where taxa are designated as 'spp.', we did not have the expertise to make species-level identifications based on morphology. The scope of this study did not include completion of a definitive species list for Kasitsna Bay. Our measures of diversity in the intertidal mussel bed should thus be interpreted as a minimum estimate.
Diversity and evenness indices were calculated from combined data from all 10 replicates within a system using formulas presented in Hayek & Buzas (1997) . To maintain similar sample sizes for comparisons between vent and intertidal mussel beds, we use only the September data for the intertidal calculations.
RESULTS
Mussels at the vent site were larger than mussels collected from the intertidal site (overall mean lengths = 48 vs 30 mm, respectively) and there was a correspondingly larger mean number of mussels in a given volume at the intertidal site (Table 1 ; size-frequency data are given in Fig. 1 ). Interstitial volumes (i.e., habitat space) were similar between vent and intertidal samples (Table 1) . Mussel size-frequency distributions provide important information about the relative ages and habitat quality of mussel bed patches when making comparisons within an ecosystem (Tsuchiya & Nishihira 1986 ), but it is outside the goals of this study to attempt to interpret the effect of mussel size frequencies on diversity in comparisons between vent and intertidal sites. We infer from visual observations and interstitial volume data that mussel beds at both sites provide qualitatively similar spatial habitats with complex interstitial volumes.
Species lists and abundances for each replicate sample from vent and intertidal (September) sanlples are provided in Tables 2 & 3. These tables also give a record of individual sample volumes so that the data can be normalized. Abundances of dominant species among replicates are highly variable in both the vent and intertidal samples, indicating that both habitats are heterogeneous with respect to the distribution of associated species.
Per volume of habitat, the intertidal site had a higher overall average abundance of individuals than the vent site (1724 vs 816 ind. 1-' mussel volume). Biomass, while not quantified, was also patently higher at the intertidal site than at the vent site. Seasonal data (September, December, March, June) for the intertidal sites are tabulated as summary data only (i.e., combining counts from 5 replicates at each of 2 sites; Table 4); comprehensive worksheets for these sampling periods are available from the authors.
Seasonal intertidal data and vent data are summarized graphically as species-effort curves ( Fig. 2 ), using mussel volume as our best measure of sampling effort. Species richness (S) is lower within Lucky Strike mussel beds (S = 28) than during any sampling period within the intertidal mussel beds (overall S = 76). 
No. Shannon's H) we find that diversity is higher within the intertidal mussel bed than in the vent mussel bed by a factor of 1.2 to 2.6 (Table 5 ) . Two measures of evenness (Pielou's J and Buzas & Gibson's E ) are also reported in Table 5 . Similarities in J and E between vent and intertidal samples indicate that individuals are partitioned among species in a similar manner. This is illustrated further by examination of relative abundance and species rank order for both vent and intertidal samples (Fig. 3) . In both cases, a small number of species ( 1 5 ) account for a large percentage (90 %) of the total abundance of individuals. Proportional distribution of species among major taxonomic groups (arthropods, gastropods, polychaetes, other) is similar between vent and intertidal mussel beds (Fig. 4 ) . The specific nature of the most abundant taxa, however, is distinct between the 2 sites (Fig. 4) , with small motile crustacean.s (amphipods, ostracods and copepods) making up >90 % of the individuals collected from the Lucky Strike vent mussel beds (Table 6 ), in contrast to nematodes, copepods, mites, and several small polychaete species dominating the intertidal mussel Although we describe our sampling method as semi-quantitative, our measure of species richness (S) derived from the species effort curve shown in Fig. 2 is robust for the vent mussel bed samples, given that the curve reaches an asymptote. We suggest that despite a potential sampling bias against highly motile species, the 24.7 1 cumulative sample volume allows us to estimate species richness within the mussel beds with confidence. And, while we highlight the potential bias error for the reader, the sampling method we used was in fact extremely effective in collecting large numbers of highly motile amphipods, ostracods, and copepods. Any incremental increase in sample volume is likely to pick up merely 1 additional singleton species (species represented by a single individual).
It is difficult and sometimes even counter-productive to make comparisons of species richness at hydrothermal vents using extant species lists generated from what have mostly been haphazard samples and uneven (and unquantified) sampling efforts. For example, in comparing species ri.chness at the Lucky Strike mussel bed reported here (28 species) to the species list for the entire Mid-Atlantic Ridge as of 1996 (34 species; Tunnicliffe & Fowler 1996), one might conclude that the Lucky Strike mussel beds are a relative hot spot of diversity on this ridge system, when in fact all we can state at present is that they are the most carefully studied, with a speci.fi.c focus on a quantitative measure of diversity and sampling to an asymptote on a species-effort curve. A more complete sampling effort and species list for the 13"N vent fields on the East Pacific Rise yields a species richness of 100 taxa (Tunnicliffe & Fowler 1996), but this list includes invertebrates associated with tubeworm, mussel, and alvinelto 8 % of individuals) in both vent and intertidal sites, consistent with active recruitment and comparable population dynamics of mussels within the 2 habitats. Hindicating a fairly high certainty of outcome (i.e., low diversity). H is thus insensitive to rare (especially sindSeptember sample only bDecreases with increasing divers~ty gleton) species and is not a good measure for discriminating this aspect of vent and intertidal samples.
Phylum
Because the June and September sampling efforts for the intertidal site do not reach an asymptote, ours is an underestimate of the maximum seasonal species richness in this system and of the difference in diversity between intertidal and vent mussel bed assen~blages. It is clear from these species-effort curves that species richness at the intertidal mussel bed is more than twice that of the vent mussel bed, even during seasons when diversity is lowest in the intertidal beds. richness in the 13" N mussel beds is higher than that of Diversity indices (Fisher's a, Simpson's h, and ShanLucky Strike mussel beds. A total of 74 species are non's H) also demonstrate that diversity is higher in reported from hydrothermal vents on the northeast the intertidal mussel bed than at the vent, but the dePacific ridge system (Gorda, Juan d e Fuca, and gree of enrichment is index-dependent, ranging from a Explorer ridges; Tunnicliffe & Fowler 19961, making factor of 1.2 (Shannon's H) to 2.6 (Fisher's a) . Each divents of this ridge system more diverse than the Lucky versity index provides different information. Fisher's a Strike mussel beds. The comparison is confounded, is a number close to the number of species expected to be represented by only a single (i.e., rare) individual (Hayek & Buzas 1997) . The higher value of a at the in- Fig. 4 . Comparison of the distribution of species and abundance (numbers of individuals) for major taxa (polychaetes, gastropods, crustaceans, other) at vent and intertidal mussel beds America (270 taxa; Suchanek 1979) . While it is impossible to resolve fine-scale differences across ecosystems from comparisons of H values due to variable sampling methods, biases, and effort among studies by different investigators, we can conclude that diversity at the Lucky Strike vent mussel bed ( H = 1.6) is at the low end of the scale compared to North Atlantic M. edulis (North Wales) beds, where Hvalues range from 1.6 to 2.8, depending on tidal height, patch size, and inclination of the substratum (lowest diversity in a high-shore pool and highest diversity in a low-shore, flat-rock mussel bed; Seed 1996) . Lucky Strike vent mussel bed diversity is also at the low end of the range for values reported from other intertidal mussel beds and for typical coastal, estuarine, and deep-sea softsediment communities (Table 8) . Table 6 . Abundance rankings of the 5 most common species in each sample; vent mussel bed. In 6 of 10 samples, for example, amphipods were most abundant (Species 1). Total n of the top 5 species for the vent mussel bed is 18 886 (94 % of the total number of individuals) Fauna associated with intertidal mussel beds have a high species richness but are typically dominated by a few very abundant species (Seed 1996) . When we examine relative abundance data and species rank order in our samples, we find that the pattern of abundance is similar between vent and intertidal sites, with a small number of species or species groups accounting for a large percentage of the abundance. This contrasts with the much more even distribution of abundance among species that is characteristic of the non-vent deep-sea soft-sediment community (e.g., Grassle et al. 1985) . Measures of evenness (Table 5 ) affirm this observation and lead us to conclude that low diversity at vent mussel beds is associated with a reduced number of rare species. This is consistent with the hypothesis that the chemical milieu of vent ecosystems imposes an adaptive filter on potential invaders. A lower number of rare species at vents may also be a consequence of the insular and ephemeral nature of vent habitats compared to that of intertidal mussel beds. A test of this latter hypothesis may be made by comparing diversity at vents along fast-versus slowspreading mid-ocean ridges. We expect, for example, that diversity should be highest at vents found on superfast-spreading ridges where vents are more closely spaced and less isolated from one another than on slowspreading ridges (Van Dover 2000) . By this argument, diversity at Lucky Strike mussel beds, located on a slowspreading ridge, may represent the low-diversity extreme for vent mussel beds.
The putative functional character of the most abundant taxa at the vent and intertidal mussel beds is similar, namely, they are mostly small invertebrates that graze on the enriched particulate organic material associated with interstitial spaces of the mussel bed and that find refuge among the mussels from large but rare predators. Several explanations may account for higher abundances and biomass in the intertidal mussel beds, including combinations of lower primary productivity available to vent mussel bed fauna, higher predation rates within the vent mussel bed, or different rates of export of primary productivity from the local habitat. None of these possibilities has been investigated quantitatively. Note that while total primary production in vent mussel beds is likely to be comparable to or in excess of that available to a n intertidal mussel bed, most of this vent production is locked in mussel/ endosymbiont biomass and may not be as readily accessed by the associated fauna as the primary production by phytoplankton and algae that fuels intertidal mussel bed assemblages.
For more than 2 decades, characterizations of fundamental descriptors of community structure at hardsubstratum hydrothermal vents have eluded ecologists. While it is clear that analysis of diversity in mussel bed assemblages may not represent total diversity at vents, recognition of mussel beds as credible and logistically feasible ecological units for comparison of species composition and diversity at vents allows us to move forward with global comparisons of mussel bed diversity, and with manipulative experiments that allow us to understand biotic and abiotic controls on species composition. Of particular interest is the degree to which fauna associated with mussel beds in different ocean basins are taxonomically and functionally convergent. Preliminary analysis of mussel bed fauna from the southern East Pacific Rise (Van Dover unpubl.) already reveals major differences in the dominant species, as well as higher biomass and higher diversity relative to the Lucky Strike vent samples.
